Abstract
combining the thermal material degradation, vapour pore pressure, stress concentrations, and 23 thermo-mechanical energy accumulation in the tested specimens. Unexpectedly, spalling at the 24 unexposed surface was observed during two of the tests, suggesting a potentially unusual, unwanted 25 failure mode of very thin-plates during fire. On this basis it is recommended to favour 30 mm thick 26 plates in these applications, since they appear to resist spalling better than those with 20 mm 27 thickness.
28

Introduction
29
To face current environmental challenges, the construction industry is pursuing new design 
38
The well-recognised increased tendency of HPC for heat-induced explosive spalling [5] [6] [7] presents a 39 challenge in applications where fire safety is a design consideration. Heat-induced concrete spalling 40 occurs by a complex mechanism, the precise sources of which remain unknown. A widely presented 41 theory partly explaining spalling relates to the transport and evaporation of free water (or capillary 42 water) within the concrete pore system; on heating this is hypothesised to lead to capillary vapour 43 pressure accumulation due to low permeability and the generation of a moisture clog, resulting in 44 high tensile stresses and eventually triggering the occurrence of spalling [8] [9] [10] . Spalling is also generally considered to be at least partly caused by differential thermal stresses arising from non-46 uniform thermal gradients within a specimen, and in some cases pore pressure is considered more as 47 an initiator [11] . Most researchers now agree that spalling is caused by a combination of these (and 48 potentially other) factors.
49
Numerous studies have been aimed at modelling heat and moisture transport in heated concrete to 50 calculate the variations in pore pressure and thermal stresses, and thus to try to explain concrete 51 spalling [12] [13] [14] [15] . Recent experimental studies have directly investigated the relevance of 52 accumulated pore pressure on the occurrence of heat-induced spalling [16] [17] [18] . Surprisingly, some 53 of these studies have concluded that the magnitude of pore pressure remains low relative to the 54 presumed tensile strength of concrete at elevated temperature, and that higher pore pressures have 55 actually been measured in non-spalling concrete specimens in some cases.
56
The inclusion of polypropylene (PP) fibres in fresh concrete is now a common technique used for 
Concrete composition
107
The testing programme was conducted using the same basic HPC mix for all specimens. The mix 108 was designed to yield a compressive strength of 90 MPa at 28 days. Due to the slenderness of the 109 concrete elements, granite aggregate with a maximum size of 10 mm was used. For some specimens 110 circular cross-section PP fibres (Ø 18 μm, length 6 mm) were included in the mix. 
125
controlled the furnace temperature, according to the EN1363-1 standard [42] . The furnace 126 temperature followed the standard cellulosic time-temperature curve prescribed in ISO 834 [43] .
127
The test specimens were placed horizontally, unloaded, on a 100 mm thick concrete supporting 128 frame which also acted as a lid on top of the furnace. The supporting frame incorporated four square 129 holes each presenting a 500×500 mm 2 opening to the furnace. A 15 mm thick layer of Rockwool 130 mineral wool provided flat supports for the test specimens which were exposed to fire on one 131 surface only; unexposed surfaces were exposed to ambient conditions within the laboratory. 
H-TRIS tests
133
H-TRIS is a novel test method and apparatus that has recently been developed at The University of 
Test specimens and recordings
166
Through thickness temperatures were recorded in the present tests using standard type K 
172
A total of 12 specimens were prepared, 4 for furnace tests and 8 for H-TRIS tests (see Table 2 ).
173
Thermocouples were placed at ¼, ½ and ¾ of the depth of test specimens during casting. Additional 174 thermocouples were used during testing to record the surface temperatures on the unexposed faces 175 of the HPC plates. All specimens were exposed to heating on their cast face.
176
Furnace test specimens were 540×540 mm 2 plates with a thickness of 20 or 30 mm. Thermocouples 177 inside the specimens were placed at each depth in triplicate (see Figure 3a) . At the unexposed 178 surface, four coin thermocouples recorded the surface temperatures. All specimens used the same Specimens tested using H-TRIS were 540×200 mm 2 plates, again with a thickness of 20 or 30 mm.
181
Thermocouples were placed at equivalent depths (with only one at each depth) to those defined for 182 specimens tested using the furnace (Figure 3b) , and an additional thermocouple was placed on the 183 unexposed surface. The specific concrete mix used for each specimen is indicated in Table 2 .
184
During casting, PP fibres were added in the dry mix to ensure the maximum homogeneity in their 185 dispersion. Dry mixing lasted for 7 min before water and superplasticiser were added to achieve the 186 required workability.
187
Experimental results
188
When describing types of heat induced spalling, three terms are employed; these range from a lower 
Furnace tests
198
Heat induced spalling was observed for all specimens tested in the furnace, at both 20 mm and 30 199 mm thicknesses. Specimens spalled to destruction by violent and explosive spalling. Table 2 shows
200
an overview of the test data for moisture content, time-to-spalling, and spalling type. 
205
Interestingly, the highest initial moisture content of 4.82% (see Table 2 ) was measured in Specimen 206 F-30.1, which spalled latest. However there is little variation in the moisture contents from 207 specimen to specimen, so this may not be significant. for a given specimen, the specimen with the hottest bottom surface spalled first.
225
H-TRIS tests
226
As for the testing in the furnace, heat induced spalling was observed for all specimens tested in H- Table 2 .
233
The observation that in furnace tests the 20 mm thick specimens spalled before the 30 mm thick 
248
The moment of spalling occurred when temperature close to the exposed surface was in the range of 
Specimen thickness
287
The data presented in this paper suggest a tendency for 20 mm thick specimens to spall sooner than 288 30 mm specimens. This observation is counter-intuitive when considering other published material,
289
particularly as regards differential thermal stress development. Usually heat-induced spalling occurs 290 within the first 20 mm of a concrete specimen's thickness [10] , suggesting that a minimum amount of water is necessary to build up a sufficient moisture clog and pore pressure and trigger spalling
292
(assuming pore pressure spalling as a dominant mechanism). Using this reasoning it is not obvious 293 that a 20 mm specimen would spall. Furthermore, the thinner concrete sections are more able to 294 undergo thermal bowing during heating, an effect that would to some extent relieve differential 295 thermal stresses and cold restraint from the cooler unexposed surface of the specimens; thus also 296 promoting a lower propensity for spalling.
297
However, due to their smaller thickness, the thinner 20 mm thick plates heat up faster than the 30 298 mm thick specimens ( Figure 5 ). This results in the 20 mm thick specimens being overall hotter than 299 the 30 mm thick specimens at a given instant in time, particularly towards the exposed surface.
300
Temperatures therefore increase more rapidly through the thickness of 20 mm specimens. This has 301 two main consequences.
302
The first consequence concerns temperature-induced material degradation, which will be greater for supported by the observation that at a given time, the specimen with the highest exposed surface 307 temperature spalled first.
308
However, it was not always the specimen with the highest average temperature which spalled first 309 at a given time. This suggests that a high degree of localised thermal degradation may be more 310 critical than an overall more degraded specimen. This could partially explain the violence and time- 
322
Additional stress concentrations could be expected from this phenomenon, by force application on
323
smaller areas, and a more tortuous geometry created by newly formed discrete cracks.
324
The second consequence concerns the pore pressure build-up. This comes from free water 325 evaporation, and also from the release and evaporation of chemically-bound water. This water
326
contributes to a rise in pore pressure, which is thought to be sufficient to trigger spalling under the 327 right conditions [10] . A hotter specimen would have more water released and evaporated more 328 quickly, leading to higher pressures [51] .
329
Those two consequences could explain the above-mentioned tendency of thinner specimens to spall 
332
Finally, it is worth considering also that spalling represents a release of energy accumulated by 333 heating in the specimen. Both the mass and the strength of a structure define its ability to resist an 334 energy release. A thicker, more massive structure needs more energy than a thin structure to 335 experience violent fracture. Similarly a more degraded structure can explode at lower energy levels.
336
The thermal energy absorbed by a specimen can be calculated as the area under the curve of absorbed heat flux versus time. Time-dependent net heat flux was calculated using Eq. 1 and Eq. 2.
338
The exposed surface temperature was approximated using a simple heat transfer model which uses 339 the recording from the thermocouple located closest to the exposed surface as boundary condition.
340
The integral of the net heat flux curve is taken over the exposure time, and the corresponding 341 energy (scaled down to the exposed area) for each specimen could be calculated. It was found that 342 when specimens spalled, the 30 mm thick specimens had accumulated a maximum of 40 % more 343 energy than the 20 mm thick specimens (3970 kJ and 2820 kJ respectively). Their thickness being 344 50% larger, it is postulated that they were thus able to sustain a larger accumulated energy before 345 experiencing spalling. Additional research is required to corroborate this possible correlation.
346
PP fibres
347
Specimens made of the mix that incorporated PP fibres were not resistant to spalling, however they 348 generally experienced spalling later than other specimens. It is also noteworthy that when PP fibres 349 were used, spalling occurred either on the unexposed surface only (H-20PP.1) or on both surfaces
350
(H-20PP.2), apparently simultaneously.
351
In the present study, all specimens were tested in an unloaded (i.e. unrestrained) condition. The 
365
Polypropylene fibres for spalling mitigation had a delaying role in the tests presented herein,
366
however they did not prevent spalling. According to the accepted mechanisms of PP fibres action 367 described earlier in this paper, the creation of channels and the fibre softening on heating potentially 368 modify the geometry of the pore structure and increase the water vapour flow. Thus, the stress 369 concentration factor considered earlier would reduce through geometrical changes such as pore 370 widening, and/or the impact of this factor would be indirectly lowered by moisture vapour flowing 371 more easily in the channels and spaces made available by the softening PP fibres; thus limiting 372 moisture vapour accumulation. In both cases, a pore pressure reduction would be observed.
373
The occurrence of spalling on the unexposed surface in two of the H-TRIS tests was an unexpected 374 behaviour for concrete exposed to high temperatures. To attempt to explain this, a critical zone is 375 defined at a given location through the thickness of the specimen, in which the fracture that 376 manifests as spalling occurs. This zone theoretically corresponds to a high pressure zone,
377
potentially created by a moisture clog resulting from the re-condensation in the pores of moisture 378 vapour in contact with colder zones and leading to an incompressible region [12, 53] . This is 379 presumed to be located some distance away from the exposed surface, since moisture is driven 
Furnace versus H-TRIS testing
The major difference between the results of tests carried out in the furnace and with H-TRIS was in 407 the violence of the spalling events. H-TRIS specimens presented flaking of surface layers or 408 specimen breakage, whereas all furnace specimens experienced complete destruction and exploded 409 into many pieces.
410
Furnace specimens laid on mineral wool for insulation from the supporting frame. This support 411 condition created a 2 cm frame of unexposed concrete all around the exposed surface of the 412 specimens. This frame did not heat up directly, whereas the central part of furnace specimens was 
Moisture content
425
The highest moisture contents were recorded in specimens that experienced spalling later; however 426 all measured moisture content values were reasonably similar ( Table 2) 
Conclusion
434
The experiments carried out in the present study showed that thinner specimens of HPC (counter-435 intuitively) spalled slightly earlier than thicker ones. Based on the available literature, this 436 behaviour appears to be specific to thin plates. It could possibly be explained by larger thermal 437 material degradation and strength reduction in specimens with thinner sections, which can be 438 expected to heat up faster and overall experience higher temperatures.
439
Specimens with a thickness of 20 mm broke when spalling due to the thermal energy released at 440 that time, suggesting higher overall spalling risk in their use than 30 mm thick sections. Thicker 441 specimens absorbed higher levels of thermal energy; however their increased thickness was 442 apparently able to withstand this, leading to longer times-to-spalling.
443
Heating tests on thin HPC specimens with polypropylene fibres suggested that stress concentration 
455
The comparison between the two test methods verified the ability of H-TRIS to impose an 456 equivalent thermal boundary condition to that imposed during a standard furnace test. This was 457 achieved with good repeatability, and at comparatively low economic and temporal costs. 
